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We develop an optical lattice system for an ultracold atomic gas mixture of ytterbium (174Yb) and
lithium (6Li), which is an ideal system to study disorder and impurity problems. We load a Bose-
Einstein condensate of 174Yb into a three-dimensional optical lattice and observe the interference
patterns in time-of-flight (TOF) images. Furthermore, we perform a laser spectroscopy of 174Yb in
an optical lattice using the ultra-narrow optical transition 1S0-
3P2 in both cases with and without
6Li. Due to the weak interspecies interaction, we do not observe the clear influences of 6Li in the
obtained interference patterns and the excitation spectra. However, this is an important first step
of optical control of atomic impurity in ultracold fermions. We also measure the polarizabilities of
the 3P2 state of
174Yb atoms in an optical trap with a wavelength of 1070 nm. We reveal that the
polarizability can be tuned to positive, zero, or the same as the ground state, which are useful for
certain applications.
I. INTRODUCTION
Over the past decade, a considerable number of the-
oretical and experimental studies on ultracold atomic
gases in an optical lattice have been conducted[1]. The
pioneering experimental research is the observation of the
superfluid to Mott-insulator transition by loading a Bose-
Einstein condensate (BEC) into an optical lattice [2].
Femiomic atoms in an optical lattice are also important in
condensed matter physics since they directly correspond
to interacting electrons in solids. Fermions in an optical
lattice could be employed for studies of high-Tc supercon-
ductivity, quantum magnetism, and so on. As ground-
breaking experiments, fermionic Mott insulators are also
realized [3, 4]. One of the advantages of the ultracold
atoms in an optical lattice over solid state systems is high
controllability of Hubbard parameters such as the on-site
interaction and the tunneling rate between neighboring
sites. Another advantage is the fact that defects of optical
lattices can be controlled, i.e., even disorder and impurity
are treated as controllable parameters. They are thought
to play a key role in high-Tc superconductivity, Ander-
son localization, and some novel quantum phases such as
Bose glass etc. Controlled disorder systems in ultracold
gases are so far provided by an optical speckle pattern
[5–7], an incommensurate optical lattice potential super-
imposed on the main lattice [8], or by loading two atomic
species into an optical lattice [9, 10]. In particular, ul-
tracold gas mixtures in optical lattices are well described
by the binary-alloy Anderson-Hubbard model [11], where
local disorders are given by random on-site energies orig-
inating from interspecies interactions between localized
impurities and mobile atomic species.
We focus on a mixture of 174Yb and 6Li atoms in an
optical lattice system with an interest in disorder and
impurity problems. The most distinctive feature of this
mixture is the very large mass ratio of 29. Because of this
large mass ratio, the tunneling rate of 174Yb atoms can
be more than three orders of magnitude smaller than that
of 6Li atoms in a deep optical lattice with a wavelength of
1064 nm, for example. Therefore, heavy atoms of 174Yb
play a role of localized impurities and light atoms of 6Li
behave as itinerant electrons. With regard to the inter-
species interaction, the absolute values of s-wave scat-
tering length have already been measured [12, 13]. It is
desirable to resonantly control interspecies interactions,
but it is pointed out by a theoretical calculation that
precise control of the s-wave scattering length between
174Yb and 6Li is experimentally challenging due to the
extremely narrow width of Feshbach resonances [14]. On
the other hand, if the metastable 3P2 state of
174Yb
atoms, whose energy diagram is shown in Fig. 1, are
introduced as localized impurities instead of the ground
1S0 state atoms, there is a possibility of controlling the
interaction between the impurity and the itinerant 6Li
atoms in the ground 2S1/2 state via anisotropy-induced
Feshbach resonances [15–17], which allows us to suddenly
switch from a weak to a strong interaction. In particu-
lar, the ultra-narrow optical transition 1S0-
3P2 in the
presence of the Feshbach resonances enables the explo-
ration of impurity problems such as Anderson’s Orthog-
onality Catastrophe, in which impurities are localized by
an optical lattice potential immersed in a sea of itiner-
ant fermions [18]. Note that the study of the dynamics
is possible in this system, differently from a solid-state
system with the fast time scale, and our system could
be a candidate to study the Anderson’s Orthogonality
Catastrophe not only in frequency domain but also in
time domain. In addition, a molecule produced from this
mixture has not only an electric dipole moment but also
electronic spin degrees of freedom in the ground state.
Spin-doublet molecules in an optical lattice enables us
to implement quantum simulation of lattice-spin models
[19].
In this paper, we report the first realization of an op-
tical lattice for the mixture of 174Yb and 6Li. We suc-
cessfully load 174Yb BEC with Fermi degenerate 6Li into
a three-dimensional (3D) optical lattice with the wave-
length of 1064 nm. We measure the influence of 6Li atoms
on the coherence property of 174Yb and on the excitation
2FIG. 1. (Color online) Energy diagram of 174Yb. The 1S0-
1P1 transition (λ = 399 nm) is used for Zeeman slowing, for
absorption imaging, and for removing the 1S0 state atoms re-
maining in a trap (for blast). The 1S0-
3P1 transition (λ =
556 nm) is used for MOT. The ultra-narrow 1S0-
3P2 transi-
tion (λ = 507 nm) is used for the spectroscopy. The 3P2-
3S1
transition (λ = 770 nm) is used for repumping the 3P2 atoms
back to the 1S0 state via the
3P1 state.
spectra of 174Yb using the ultra-narrow optical transition
1S0-
3P2. In addition, we measure polarizabilities of the
3P2 state
174Yb in a laser field with a wavelength of 1070
nm in order to reveal whether they can be trapped in a
1 µm optical trap.
II. EXPERIMENTAL SETUP
A. Preparation of a quantum degenerate mixture
of 174Yb and 6Li
We first prepare a quantum degenerate mixture of
bosonic 174Yb and fermionic 6Li in an optical trap. The
basic scheme is the same as that described previously
[12, 20]. The experiment begins with a simultaneous
magneto-optical trap (MOT). For 174Yb, the 1S0-
1P1
transition (λ = 399 nm) is used for Zeeman slowing and
probing. The 1S0-
3P1 intercombination transition (λ =
556 nm) is used for magneto-optical trapping. For 6Li,
the 2S1/2-
2P3/2 (D2) transition (λ = 671 nm) is used for
Zeeman slowing, magneto-optical trapping, and probing.
In order to realize a mixture of 174Yb BEC and degen-
erate 6Li, 80-120 s is needed for loading of 174Yb atoms
in a MOT, followed by 5-10 s for loading of 6Li. We
transfer both atoms from the MOT into a crossed optical
far-off-resonance trap (FORT) and perform sympathetic
cooling of 6Li with evaporatively cooled 174Yb. The hor-
izontal FORT beam (λ = 1070 nm) is in an ellipsoidal
shape, with the beam waists of 106 µm along the hori-
zontal direction and 22 µm along the vertical direction,
in order to obtain a large trap volume and suppress the
gravitational sag at the final stage of evaporative cool-
ing. Another FORT beam (λ =1083 nm), propagating
along the almost vertical direction, has a round shape
FIG. 2. (Color online) Experimental setup (a) and procedure
(b) to load atoms into an optical lattice. For the data of
pure 174Yb, we remove 6Li atoms by a Li blast laser. For the
mixture, we wait for the same duration without irradiating
the Li blast laser. ER in the timing chart denotes the recoil
energy of 174Yb.
with a beam waist of 104 µm. After evaporative cooling
for 7 s, we obtain a quantum degenerate mixture com-
posed of an almost pure 174Yb BEC and a degenerate
Fermi gas of 6Li. The typical atom number of 174Yb
BEC is NBEC = (7.5± 2.5)× 104. For 6Li, the number is
NLi = (1.5±0.5)×104, and the temperature is TLi = 290
nK and T/TF ≃ 0.2. The trap frequencies of 174Yb at
the end of evaporation are 2π×(47, 64, 130) Hz and those
of 6Li are 2π× (354, 479, 1522) Hz. In this situation, the
174Yb BEC cloud is located lower than that of Fermi de-
generate 6Li by 7.8 µm. The radii of the atom cloud
along the vertical direction are 2.9 µm for 174Yb and 5.7
µm for 6Li, which results in about 15 % of 174Yb BEC
cloud length spatially overlapped with the 6Li cloud.
B. An optical lattice
At the wavelength λL = 1064 nm of our optical lattice
beams, the ratio of the trap depths for 174Yb (VYb) and
6Li (VLi) is 0.50. Due to the large mass ratio of 29, how-
ever, we have sYb/sLi = 14.5, where sYb = VYb/E
Yb
R and
sLi = VLi/E
Li
R and ER = h¯
2k2L/2m is the recoil energy
with kL = 2π/λL and the atomic massm. Optical lattice
potentials for the same s have the same band structures
and the same Wannier functions where energy scales are
3different due to ER. The recoil energy of
174Yb (EYbR )
is 49 nK and that of 6Li (ELiR ) is 1.4 µK. As a result,
the tunneling rate of 6Li is more than three orders of
magnitude larger than that of 174Yb at sYb = 20, for
example.
The experimental setup is shown in Fig. 2 (a). The
lattice potential is formed by three orthogonal retrore-
flected laser beams, which consist of two horizontally
propagating beams (x, y-lattice) and a vertically prop-
agating beam (z-lattice). The angle between the hori-
zontal FORT beam and x,y-lattice beams is 45◦. The
lattice beams are created by a fiber laser amplifier which
is seeded by a Nd: YAG laser with a linewidth of less than
10 kHz. In order to eliminate undesirable interferences
between each beam, the frequencies of the three lattice
beams are shifted by 5 MHz relative to each other and the
polarization is orthogonal to each other. Acousto-optic
modulators (AOMs) are used for frequency shifts and
for power control. The transverse modes of the three lat-
tice beams are cleaned by single-mode optical fibers. The
waist sizes of the lattice beams are measured with a beam
profiler to be 81, 88, and 98 µm for x, y, and z-lattice, re-
spectively. The power is monitored by the weakly trans-
mitted beams through the retrorefrecting mirrors and the
intensity is stabilized by using the AOMs. The lattice
potential depth is calibrated by observing the oscillating
period of the interference by a pulsed optical lattice for
174Yb BEC [21].
III. LOADING INTO A 3D OPTICAL LATTICE
We load the atomic mixture of 174Yb BEC and a de-
generate Fermi gas of 6Li into the 3D optical lattice.
While in our target experiments of impurity problems
174Yb atoms should play a role of localized impurities,
its first step of the successful formation of the optical
lattice is easily confirmed by measuring the matter-wave
interference patterns of 174Yb BEC at a relatively shal-
low optical lattice where the phase coherence exists at
the superfluid state of 174Yb atoms. The experimental
sequence is shown in Fig. 2 (b). After the preparation of
a quantum degenerate mixture the lattice potential depth
is gradually increased with keeping the FORT potential
constant. We take TOF images of 174Yb atoms with var-
ious lattice depths, as shown in Fig. 3 (a). When the
lattice depth is shallow, multiple matter-wave interfer-
ence patterns appear in the TOF images, which signals
that 174Yb atoms delocalize over the lattice sites and
there exists phase coherence. As increasing the lattice
depth, such an interference pattern disappears gradually,
which indicates that atoms localize and there is no longer
phase coherence. In this measurement, the lattice depth
for 174Yb changes up to 20 EYbR . In the presence of a
weak harmonic confining potential, a Mott insulator in
an optical lattice has a shell structure. The estimation
in the atomic limit U/zJ → ∞ [22] gives the occupa-
tion number at the center of the trap of 11 for 20 EYbR .
Here U is the on-site interaction energy between bosonic
atoms, J is the tunneling matrix element, and z = 6 is
the number of nearest neighboring sites in a 3D cubic
lattice. The typical number of 174Yb atoms is 7.5 × 104
and the trap frequencies of the confinement potential for
174Yb are 2π × (62, 75, 136) Hz at that lattice depth.
To obtain quantitative information from the interfer-
ence patterns of TOF images, we evaluate the visibility
and the width of the central interference peak. The visi-
bility is defined as V = (Nmax−Nmin)/(Nmax+Nmin) [23].
Here Nmax is the sum of the number of atoms in the first
order interference peaks and Nmin is the sum of the num-
ber of atoms in the diagonal regions with the same dis-
tance from the center peak. Figure 3 (c) shows thus eval-
uated visibilities for 174Yb. According to the mean-field
theory for the homogeneous system, the critical value of
U/zJ for the superfluid to Mott insulator transition with
nc atoms per site is (U/zJ)c = (
√
nc +
√
nc + 1)
2 [24].
From this formula, the critical values of the lattice depth
are 13.6, 15.6, 17.0, 18.1, 18.9, 19.6, and 20.3 EYbR for
nc=1, 2, 3, 4, 5, 6, and 7. In this estimation we use the
approximate expressions U/ER = 5.97(a/λL)s
0.88 and
J/ER = 1.43s
0.98 exp(−2.07√s) [25] with a scattering
length between 174Yb a = 5.55 nm [26]. For larger val-
ues of U/zJ , the visibility is V ∼ 4
3
(nc + 1)(U/zJ)
−1
[23], where nc denotes a filling factor in a homogeneous
system. To compare our result with this estimation, we
show the visibility as a function of U/zJ in a log-log
plot in Fig. 3 (d). The visibility V starts to decrease
at around 15 EYbR . This is consistent with the critical
values for the transition given above. The results of the
fit to the linear function indicate that V ∝ (U/zJ)β with
β = −1.87± 0.04. This value is almost twice as large as
the theoretical value of −1. This implicates that there is
some mechanism for decrease of the coherence.
The phase coherence of the bosons in an optical lattice
is also characterized by the width of the central inter-
ference peak. Figure 3 (e) shows the full width at half
maximum of the central peak as a function of the lattice
depth. The widths start to increase at around 16 EYbR . If
the critical value of the lattice depth for the transition is
defined as the intersection of the two linear functions, it is
(15.9± 7.3) EYbR for the 174Yb, which almost agrees with
the values estimated from the mean-field approximation.
The above measurements on the 174Yb matter-wave in-
terference show that we could successfully load the 174Yb
atoms into the optical lattice. It should be also true for
the 6Li atoms, since the 1064 nm lattice laser should pro-
duce a lattice potential for 6Li atoms twice as deep as for
174Yb atoms corresponding to 1.4 ELiR at the maximal
potential depth in this measurement. Furthermore, we
also try to observe the influence of the 6Li for the 174Yb
atom signals. In order to clearly discuss the influence of
6Li atoms, for the data without 6Li atoms we remove 6Li
atoms in the FORT by irradiating a laser pulse resonant
to the 2S1/2-
2P3/2 (D2) transition (Li blast laser, λ =
671 nm) for 1 ms, followed by 10 ms holding time, before
ramping up the lattice potential as shown in Fig. 2 (b).
4FIG. 3. (Color online) TOF absorption images of multiple
matter-wave interference patterns of 174Yb (a) without 6Li
and (b) with 6Li. The lattice potential depths are 5 EYbR , 10
EYbR , 15 E
Yb
R , and 20 E
Yb
R from left to right. The expansion
time is 17 ms. These images are average over 4 ∼ 6 measure-
ments. (c) Visibility of 174Yb for the mixture (red circle) and
the pure 174Yb (green diamond) as a function of the lattice
potential depth. Each data point is average over 4 ∼ 6 mea-
surements and the error bars indicate standard deviations.
(d) Visibility versus U/zJ in a log-log plot. The lines are
linear fits to the data in the range from 15 to 20 EYbR . The
slope of the linear fit β for the mixture is −1.99 ± 0.09 and
slightly lower than that for the pure 174Yb −1.87± 0.04. (e)
Central interference peak width of 174Yb for the mixture (red
circle) and the pure 174Yb (green diamond) as a function of
the lattice depth. The lines are the fits to two linear func-
tions to determine the critical depths. The intersections are
(15.0± 5.0) EYbR for the mixture and (15.9± 7.3) E
Yb
R for the
pure 174Yb. They are almost identical within the error bars.
For the data with 6Li atoms, shown in Fig. 3 (b), we wait
for the same duration without irradiating the blast laser.
In this experiment, the influence of 6Li on the phase co-
herence of 174Yb can be recognized as shown in Fig. 3
(c), (d), and (e), but it is very small. This is in good
contrast with the case of 87Rb-40K mixture [9, 10] where
even very small fraction of fermionic atoms dramatically
changes the coherence property of the bosonic cloud. We
think several reasons for small influence. The first reason
is the imperfect spatial overlap of 174Yb and 6Li. As men-
tioned in Sect. II A, the center of 174Yb BEC is 7.8 µm
lower than that of 6Li at the final phase of evaporation
due to the gravitational sag. After loading of the atoms
into the optical lattice, the 174Yb cloud is broadened to
5.3 µm radius along the z-direction for the case of the adi-
abatic loading and the atomic limit U/zJ → ∞. Even
in this situation the overlap is up to 30 %. The second
is that the interspecies interaction is too weak to signifi-
cantly change the coherence property of 174Yb. The ratio
of the absolute value of the on-site 174Yb-6Li interaction
UYb−Li to that between 174Yb UYb is |UYb−Li|/UYb =
0.73 < 1, which supports the small influence. Here we
use UBF =
√
16
π
(
1 + mBmF
)(
1√
sB
+ 1√sF
)−3/2
kLaBFE
B
R
[27]. EBR is the recoil energy of the bosonic atom. Note
that the possibility of phase separation is excluded in this
experiment. A stability condition for a mixture is [28]
n
−1/3
Li ≥ 3π
(
gs
6π2
)2/3mYbmLia2Yb−Li
µ2Yb−LiaYb
, (1)
where nLi is the density of
6Li, gs = 2 is the num-
ber of spin components of 6Li, mYb and mLi are the
masses of 174Yb and 6Li, µYb−Li is the reduced mass of
174Yb and 6Li, aYb−Li is the s-wave scattering length
between 174Yb and 6Li, and aYb is that between
174Yb
atoms. Here we consider a homogeneous system for
simplicity. In our experiment, n
−1/3
Li = 0.60 µm and
3π
(
gs
6π2
)2/3mYbmLia2Yb−Li
µ2
Yb−Li
aYb
= 5.5 nm, which means that
the stability condition is satisfied. Therefore the possi-
bility of phase separation is eliminated.
We also mention the adiabaticity of the atom loading
into the optical lattice. Unfortunately, differently from
the lattice experiments for 174Yb so far realized using a
532 nm laser [29], it is rather difficult to adiabatically
load the atoms into the optical lattice with 1064 nm. In
fact, we ramp down the potential to 10EYbR after ramping
up the lattice depth to 20 EYbR , interference patterns are
not restored. It indicates the lack of adiabaticity during
ramping up or down the lattice depth. In addition to the
fact that the on-site interaction energy and the tunneling
rate for a λL = 1064 nm lattice are 1/8 and 1/4 of those
for a λL = 532 nm lattice, respectively, the difference of
the energy offset between the neighboring sites due to
an external harmonic confinement for a λL = 1064 nm
lattice is larger than that for a λL = 532 nm lattice.
Therefore in a λL = 1064 nm lattice atoms are easily
5localized. This non-adiabaticity might explain the larger
values of β in the visibility measurements.
IV. SPECTROSCOPY OF 174YB-6LI MIXTURE
IN AN OPTICAL LATTICE USING THE
ULTRA-NARROW OPTICAL TRANSITION OF
174YB ATOMS
A. Polarizability of the 3P2 state of
174Yb atom in
an optical trap with a wavelength of 1070 nm
We measure the polarizabilities, or AC Stark shifts of
the 3P2 state of
174Yb atoms by a laser field with a wave-
length of 1 µm. This information is important because
the difference between the polarizabilities of the ground
and the 3P2 states is directly related to spectrum inho-
mogeneous broadening. If the polarizability can be set to
the same as that of the ground state, like a magic wave-
length condition, then we can expect a narrow spectrum
which is only limited by an atomic interaction. In the
case of the negative polarizability, the excited atoms will
escape from the trap or lattice, which limits the resolu-
tion of the spectroscopy. If the polarizability can be set
to zero, then this situation is ideal for the photo-emission
spectroscopy [30].
The AC Stark shift is described as Udip = − 12ǫ0cαI
[31]. Here α is the polarizability and I is the intensity
of the laser field. We determine the poralizability of the
3P2 state by directly measuring the transition frequency
1S0-
3P2 (λ = 507 nm). The transition frequency ν of
atoms trapped in an optical trap is given by using the
bare resonant frequency ν0 and the polarizabilities of the
1S0 state (αg) and the
3P2 state (αe) as
ν = ν0 − 1
2ǫ0ch
(αe − αg)I. (2)
It is noted that αe depends not only on the laser fre-
quency ω but also on the polarization of the laser field
and the magnetic field strength and direction. In addi-
tion, different magnetic sublevels of the 3P2 state have
different polarizabilities.
In the experiment, we measure the transition frequen-
cies of the 1S0-
3P2 (m = 0,−1,−2) in the crossed FORT
with changing the power of the horizontal FORT beam
with a wavelength of 1070 nm. The polarization of the
horizontal FORT is on the x-y plane. The excitation
beam propagates along the y-axis and its polarization is
parallel to the z-axis. In order to satisfy the selection rule
for the 1S0-
3P2 transition, the magnetic field of about 1
G is applied along the direction parallel to the horizontal
FORT beam, the x direction, and the z direction for the
excitation to the states of m = 0, m = −1, and m = −2,
respectively. The angle θ between the polarization of the
laser field and the magnetic field is 89◦ ± 2◦, 47◦ ± 1◦,
and 89◦ ± 2◦ for m = 0, m = −1, and m = −2, respec-
tively. In our condition the direction of the magnetic
field sets a quantization axis. After evaporative cooling
TABLE I. The polarizabilities of the 3P2 state α/2ǫ0ch in the
laser field with a wavelength of 1070 nm. θ is an angle between
the polarization of the laser field and the quantization axis.
The corresponding value of the 1S0 state is also added to this
table for reference.
m θ α/2ǫ0ch[mHz/(mW/cm
2)]
0 89◦ ± 2◦ 2.5 ± 0.1
−1 47◦ ± 1◦ 5.4 ± 0.1
−2 89◦ ± 2◦ 6.8 ± 0.7
(1S0) 6.3
TABLE II. The angles θ that meets the equal polarizability
condition for the transition 1S0 -
3P2 in the laser field with
λ = 1070 nm.
m θ
0 43.7◦ ± 1.5◦
±1 32.5◦ ± 3.3◦
±2 67.7◦ ± 2.1◦
we irradiate the excitation laser for 50 ms in the case of
m = −2 and for 100 ms in the case of m = 0 and −1.
We measure the number of 174Yb atoms remaining in a
trap with changing the frequency of the excitation laser.
For each sublevelm, we evaluate the amount of AC Stark
shift of the 3P2 state by subtracting the shift of the
1S0
state from the resonant frequencies in Fig. 4 (a). The
calculated light shift of the 1S0 state is also plotted for
reference. The polarizabilities of the 3P2 state measured
in this setup are listed in Table I. We show αe/2ǫ0ch
instead of αe itself for convenience.
In the case of linearly polarized light, the polarizability
of the 3P2 state is described as [32]
αe = α
s
nJ + (3 cos
2 θ − 1)αTnJ
3m2 − J(J + 1)
2J(2J − 1) . (3)
Here αsnJ is a scalar polarizability, α
T
nJ is a tensor po-
larizability, J = 2 is the total angular momentum of
the atom for the 3P2 state of
174Yb, and n is the set of
the remaining quantum numbers. Therefore, αe is a lin-
ear function of (3 cos2 θ − 1)((m2 − 2)/4) as represented
in Fig. 4 (b). From the linear fit based on Eq. (3),
the scalar and the tensor polarizabilities are determined
as αsnJ/2ǫ0ch = 4.9 ± 0.1 and αTnJ/2ǫ0ch = −4.9 ± 0.4
mHz/(mW/cm2), respectively. In Fig. 4 (c) we plot the
polarizability of each sublevel m as a function of the an-
gle θ between the laser polarization and the magnetic
field. It is noted that the polarizability is positive. From
these values, all the magnetic sublevels of the 3P2 state
of 174Yb are trappable by a laser field with wavelength
of 1070 nm. In addition, if we adjust the angle θ for each
magnetic sublevel, we can satisfy αg = αe, like a magic
6FIG. 4. (Color online) (a) AC Stark shift of the 3P2 state
of 174Yb in a laser field with a wavelength of 1070 nm. The
horizontal axis is the intensity of the horizontal FORT beam.
The red circles, blue squares, and green diamonds correspond
to the data for (m, θ) = (0, 89◦), (−1, 47◦), and (−2, 89◦).
Solid lines are the linear fits to the data. The shift of the
1S0 state is also plotted as a black dashed line for reference.
(b) The polarizability of the 3P2 state is plotted as a function
of (3 cos2 θ − 1)((m2 − 2)/4). Three data points correspond
to (m, θ) = (0, 89◦), (−1, 47◦), and (−2, 89◦) from left. The
solid line is the linear fit based on Eq. (3). (c) θ-dependence
of the polarizabilities of the 3P2 states. The polarizabilities
are evaluated by using the experimentally determined scalar
and tensor polarizabilities. The red, blue, and green lines
correspond to |m| = 0, 1, and 2. These values coincide at
the condition where cos 2θ = 1/3 as can be seen from Eq. (3).
The polarizability of the 1S0 state is also plotted for reference.
The intersection point with the black dashed line indicates the
”magic wavelength” condition for each sublevel.
wavelength condition. Each value of θ that meets the
condition of the ”magic wavelength” is listed in Table II.
The polarizability of a state |a〉 with an energy Ea =
h¯ωa is given by the following formula.
1
2ǫ0c
αa =
∑
b 6=a
e2
ǫ0h¯c
(
Jb 1 Ja
−Mb 0 Ma
)2
× |〈nbLbJb‖r‖naLaJa〉|2 ωb − ωa
(ωb − ωa)2 − ω2 , (4)
where h¯ωb = Eb is an energy of another state |b〉 and
the sum runs over all the states which can be cou-
pled with the state |a〉 through electric dipole transi-
tions. Here
(
Jb 1 Ja
−Mb 0 Ma
)
, |〈nbLbJb‖r‖naLaJa〉|, and ω
denote the Wigner 3-j symbol, the reduced matrix ele-
ment, and the laser frequency, respectively. L, J , M ,
and n are the orbital angular momentum of electrons,
the total angular momentum of electrons, its projection
onto the quantization axis, and the set of the remain-
ing quantum numbers. From the theoretically known
values of the reduced matrix elements for (5d6s)3D1,
(5d6s)3D2, (5d6s)
3D3, (5d6s)
1D2, and (6s7s)
3S1 [33], we
obtain α(m = 0)/2ǫ0ch = 4.6, α(|m| = 1)/2ǫ0ch = 2.2,
and α(|m| = 2)/2ǫ0ch = −5.0 mHz/(mW/cm2), respec-
tively. On the other hand, the experimental values of
polarizabilities α/2ǫ0ch at θ = 0
◦ are 9.8± 0.5, 7.4± 0.3,
and 0.06 ± 0.47 mHz/(mW/cm2) for |m| = 0, 1, and
2, respectively. The theoretical values are, therefore,
smaller than the experimental ones for all m. These
discrepancies would originate from the lack of infor-
mation of higher energy states, and the fact that all
the higher energy states make a contribution of posi-
tive values to the polarizabilities. As an attempt to
resolve the discrepancy we consider only the contribu-
tion from the next higher energy states. Then it is
found that the reduced matrix elements with the val-
ues of |〈(5d6s2)3D1‖r‖3P2〉| = |〈(6s6d)3D3‖r‖3P2〉| = 2.8
(a.u.) and |〈(6s6d)3D1‖r‖3P2〉| = |〈(6s6d)3D2‖r‖3P2〉| =
4.6 (a.u.), can bring the theoretical values close to the ex-
perimentally obtained values as α(m = 0)/2ǫ0ch = 9.8,
α(|m| = 1)/2ǫ0ch = 7.4, and α(|m| = 2)/2ǫ0ch = −0.05
mHz/(mW/cm2).
Here we discuss the wavelength dependence on the po-
larizability. If the wavelength differs by less than 13 nm,
the variation of each term in Eq. (4) is within 10%. Due
to this small variation we consider that the polarizabil-
ities of the vertical FORT (1083 nm) and lattice beams
(1064 nm) are almost the same as those of the horizontal
FORT (1070 nm).
B. High resolution spectroscopy of 174Yb atoms in
an optical lattice
We perform a laser spectroscopy of 174Yb atoms in an
optical lattice using the ultra-narrow optical transition
1S0-
3P2 with and without the Fermi sea of
6Li. Figure
7FIG. 5. (Color online) Experimental setup (a) and sequence
(b) to perform a spectroscopy of 174Yb in an optical lattice.
For the pure 174Yb we remove 6Li by a blast laser. For the
mixture we wait for the same duration without irradiating
the Li blast laser. e507, eLX , eLY , and eLZ are the unit
polarization vectors of the excitation laser, x, y, and z-lattice.
They are parallel to the z, z, x, and y-axis respectively. The
external magnetic field is applied along the z-axis.
5 (a) shows the experimental setup. In this experiment
we excite the atoms to the magnetic sublevel m = −2
because the m = −2 state does not suffer from inelastic
decay due to Zeeman sublevel changes in the 1S0-
3P2
collisions [34]. The external magnetic field is applied
along the z-axis, and the polarizations of FORT lasers
and the y, z-lattice beams are perpendicular to the mag-
netic field. Even if the lattice potential for the 1S0 state
is isotropic, the potential for the 3P2 is anisotropic due to
θ-dependence. When the depth for the 1S0 state
174Yb
is 20 EYbR , the potential depths for the
3P2 (m = −2)
state created by the x, y, and z-lattices are (0.2 ± 1.5),
(23.3 ± 0.8), and (23.3 ± 0.8) EYbR , respectively. This
indicates that the potential for the 3P2 state is like the
arrays of one-dimensional tubes in this condition.
The detail of the experimental procedure is shown in
Fig. 5 (b). After ramping up the lattice potential depth
to 20 EYbR in the same manner as the visibility measure-
ment, a portion of 174Yb atoms in the 1S0 state are ex-
cited to the 3P2 (m = −2) state for 100 ms. The excita-
tion laser propagates along the y-axis as shown in Fig. 5
(a). The step of the frequency scan is 4 kHz. The remain-
ing 174Yb atoms in the 1S0 state are removed from the
trap by a laser pulse resonant to the 1S0-
1P1 transition
(Yb blast laser, λ = 399 nm) for 1 ms. Then, the atoms
in the 3P2 state are repumped through the
3S1 state by
irradiating a laser pulse (λ = 770 nm) for 5 ms. See Fig.
1 for relevant energy levels. In this experiment, another
repumping laser resonant to the 3P0-
3S1 transition is not
used. After 5 ms holding time, all the trap potentials
and the external magnetic field are turned off and the
absorption image is taken without any expansion time.
Figure 6 (a) is a typical absorption image of the 174Yb
atoms returned back to the 1S0 state. We evaluate the
number of atoms after subtracting the background level
by using the surrounding area of the image. The excita-
tion laser is generated by the frequency doubling of a laser
diode with a wavelength of 1014 nm. The laser diode
is frequency locked to a high-finesse ultralow-expansion
cavity with the long-term drift of 1.4 kHz/hour. In or-
der to compare the difference between the cases with and
without 6Li atoms at the same frequency, Li blast laser
is alternatively turned on and off sequentially. Figure 6
(b) and 6 (c) shows the obtained excitation spectra for
the pure 174Yb and the mixture, respectively, where the
number of atoms repumped back to the 1S0 state is plot-
ted. Each data point represents the average over three
data and the error bars indicate standard errors.
Here we discuss the excitation spectra for the pure
174Yb case. The spectrum shows a single broad peak.
The broadening can be explained as follows. Firstly,
it should include resonances from the multiply occu-
pied sites. The frequencies corresponding to the reso-
nances from the multiply occupied sites n, are shifted
by (n − 1) × (Uge − Ugg)/h relative to the resonance of
the singly occupied sites. Here Uge is the on-site inter-
action between the 1S0 and the
3P2 states and Ugg is
that between the 1S0 states. When the potential for
the 1S0 state is 20 E
Yb
R , the interaction strengths are
Uge/h = −0.15 kHz and Ugg/h = 0.44 kHz. Thus the
frequency differences between the neighboring peaks are
0.60 kHz, and the peaks related to multiply occupied
sites are located at the negative side of the peak from
singly occupied sites. According to the estimation in the
atomic limit U/zJ →∞, the relevant peaks exist over a
range of 7.3 kHz corresponding to the occupation num-
bers of up to n = 11. Secondly, the excitation spectra
include resonances to the higher vibrational states in the
optical lattice on the positive frequency side. Since the
Lamb-Dicke parameter [35] takes a relatively large value
of 0.7, the ratio of the transition strength of the carrier,
the first, and the second sidebands is 1 : 0.5 : 0.1. The
frequency spacing is estimated to be 9.8 kHz. Therefore
the peaks related to the excitations to higher vibrational
states exist over a range of 20 kHz. Thirdly, each peak
should be broadened up to 3 kHz by the inhomogeneity
of the potential. For these reasons the width of the ex-
citation spectrum is about 28 kHz, where this width is
defined by the difference of the frequency detunings at
which the signal intensity is equal to 10 % of the peak
value. In Fig. 6 (d) we show the calculated spectrum at
the atomic limit. Apart from the clear structures, which
are not observed in the experiments, this result is almost
8FIG. 6. (Color online) Results of the laser spectroscopy using
the ultra-narrow transition of the 1S0-
3P2 (m = −2). (a) A
typical absorption image of the 174Yb atoms repumped back
to the 1S0 state. The color bar indicates the number of the
174Yb atoms in each pixel. (b) Excitation spectrum for the
pure 174Yb, where the number of repumped atoms are plotted
as a function of the excitation laser frequency. The error bars
indicate the standard errors. The curve line is the unweighted
Lorentz fit to the data. The origin of the frequency detuning
is set at the center frequency of the Lorentz fit. (c) Excita-
tion spectrum for the mixture. The curve is the unweighted
Lorentz fits to the data. The origin of the frequency detuning
is the same as that for the pure 174Yb case. (d) Calculated
spectrum at the atomic limit for the pure 174Yb.
consistent with the obtained spectrum.
The observed spectra do not show clear difference be-
tween the cases with and without 6Li. Possible reasons
for this small difference are the small spatial overlap and
the small interspecies interaction strength, which are sim-
ilarly considered as the origin of the small difference of
visibility. This experiment is, however, an important first
step towards the exploration of time-dependent impurity
problems such as Anderson’s Orthogonality Catastrophe,
which could be studied if we find a Feshbach resonance
between the 2S1/2 state of
6Li atoms and the 3P2 state of
174Yb atoms, possibly introduced by anisotropy induced
Feshbach resonance, as in the 1S0 (Yb) and
3P2 (Yb)
case [16].
V. CONCLUSION
In conclusion, we develop an optical lattice system for
an ultracold atom mixture of 174Yb and 6Li. We con-
firm the successful formation and the loading of the op-
tical lattice by observing the matter-wave interference
patterns of 174Yb atoms at a relatively shallow optical
lattice. We also perform a high-resolution laser spec-
troscopy of the 174Yb atom in the presence of the Fermi
sea of 6Li. Although the clear differences in the inter-
ference patterns and the excitation spectra between the
mixture and the pure 174Yb are not observed, these ex-
periments are important first steps towards the research
of impurity problems. In addition we measure the po-
larizabilities of the 3P2 state
174Yb in an optical trap
with a wavelength of 1070 nm and the scalar and ten-
sor polarizabilities are determined. It is found that the
polarizability of the 3P2 state
174Yb with a wavelength
around 1070 nm can take a various value by properly tun-
ing the angle between the polarization and the external
magnetic field and by selecting the magnetic substate.
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